A fast positioning method for brain tumor microbeam irradiations for preclinical studies at third-generation X-ray sources is described. The threedimensional alignment of the animals relative to the X-ray beam was based on the X-ray tomography multi-slices after iodine infusion. This method used pinkbeam imaging produced by the ID17 wiggler. A graphical user interface has been developed in order to define the irradiation parameters: field width, height, number of angles and X-ray dose. This study is the first reporting an image guided method for soft tissue synchrotron radiotherapy. It allowed microbeam radiation therapy irradiation fields to be reduced by a factor of $ 20 compared with previous studies. It permitted more targeted, more efficient brain tumor microbeam treatments and reduces normal brain toxicity of the radiation treatment.
In vivo pink-beam imaging and fast alignment procedure for rat brain tumor radiation therapy 
Introduction
Synchrotron microbeam radiation therapy (MRT) is a method of radiosurgery which is under development at the ID17 biomedical beamline of the European Synchrotron Radiation Facility in Grenoble (Brä uer-Krisch et al., 2010) . Preclinical results over 15 years led our teams to prepare a clinical transfer of this technology and the foreseen medical applications will be focused on neuroscience diseases (Grotzer et al., 2015) . MRT is based on very high radiation doses (kGy) delivered through a lattice of parallel 50 mm-wide microbeams spaced 200 mm apart. This particular radiation geometry and the unusual radiation dose require very precise targeting while sparing normal tissue neighboring the lesion (Laissue et al., 1998; Serduc et al., 2006) . We recently developed a fast and efficient image-guided method for preclinical epilepsy treatment in rats based on radio-projection of the skull (Serduc et al., 2010a) . Beam positioning was defined according to stereotactic coordinates from the bregma, easily distinguished on pink-beam (heavily filtered low-energy white beam) absorption images. GAERS rats (Marescaux et al., 1992) were successfully treated using this alignment method . However, this method is not applicable to brain tumor MRT because no contrast can be obtained from the tumor using absorption projections. In this paper, we describe how we derived our pink-beam alignment method (Serduc et al., 2010a ) into a brain tumor conformal irradiation tool based on micro-tomographic images. The reduction of the radiation fields in preclinical MRT appears mandatory to demonstrate the relevance of MRT for brain tumors treatment. Therapeutic efficacy might be hidden by side-effects induced on irradiated normal brain. Until now, MRT protocols usually covered at least half of the animal brain volume (Serduc et al., 2009; Bouchet et al., 2013) . For instance, the ratio of the tumor volume to the cross-fired beam volume has been estimated to be around 0.06 by Laissue et al. (1998) . In order to reduce brain toxicity and increase future MRT efficiency, an image-guided protocol was developed based on iodine-loaded brain tumors Computed Tomography (CT). Iodine is known to accumulate in brain tumor parenchyma when intravenously injected and it is an efficient and routinely used X-ray contrast agent in clinic (Adam et al., 2003) . Furthermore, the irradiation of iodine accumulated in the tumor will generate a local dose enhancement in the lesion via photo-activation (Adam et al., 2006) . Using this new protocol, irradiation fields were adapted to the lesion size and margins for each irradiation port on tomographic images and 9L tumors implanted in rat brains were treated by MRT. We also evaluated phase extraction computed tomography in order to improve tumor visualization and targeting. The effects of irradiation volume on rat survival were evaluated after large fields MRT and two different configurations of conformal MRT which relies on our alignment method. The term 'conformal' refers to irradiations where the irradiation field is adapted to the tumor size. The interspersed MRT method is described by Brä uer- and is based on two, orthogonally crossfired, arrays of parallel non-intersecting and mutually interspersed microbeams.
Material and methods

Alignment, imaging and irradiation protocols
All the animal care procedures conformed to the Guidelines of the French Government (licenses 380324 and A3818510002). Experiments were performed under inhalation anesthesia, 5% isoflurane for induction and 2.5% isoflurane for CT imaging and MRT treatment.
Tumor model
Gliosacorma cells (9LGS) (Benda et al., 1971) were injected following the protocol described by Serduc et al. (2009) . In short, 10 4 cells in suspension in 1 mL of cell culture medium were injected into the right striatum of 26 Fischer rat brains (10 weeks old). The coordinates of injection were defined according to the Paxinos Atlas [3.5 mm laterally from the bregma and 5.5 mm deep (Paxinos & Watson, 2004) ].
Radiation source and alignment system
The X-ray source was the ID17 biomedical beamline of the ESRF in Grenoble, France. A 21-pole wiggler is installed on the electron beam at the ID17 port. The vertical gap between the two opposite multipole rows can be remotely adjusted, thus permitting the photons flux and the energy spectrum to vary drastically. A variety of attenuators (C, Al, Cu, Au) with different thicknesses can also be inserted into the X-ray beam to reduce the flux and/or adjust the energy spectrum. Last, several slit systems, remotely adjustable, permit the horizontal and vertical sizes of the beam to be precisely defined to match the tumor shape. The multislit collimator used to produce the microbeams can also be inserted or removed from the beam by remote control. In addition, a two-dimensional X-ray detector setup is installed about 2 m downstream of the animal goniometer support. The detector is a Fast Readout Low Noise camera (FReLoN; Coan et al., 2006) based on a 2048 Â 2048 CCD chip coupled with a scintillator and an optical lenses system. The detector pixel size can be electronically reduced (binning) to obtain a good compromise between a sub-millimetric resolution (e.g. 100 mm) and a reasonable amount of data. The field of view can be up to 50 mm. This setup can be automatically translated into/out of the beam path. The main idea to achieve sub-millimetric precision alignment of the animal in the irradiation beam is to use the same beam for performing both irradiation and X-ray imaging. The beam characteristics should be changed in a very short time (< 2 min) to switch from typical irradiation mode to conventional radiographic dose imaging mode. In irradiation mode, the minimum wiggler gap (24.8 mm) is set to benefit from the maximal photon flux, and the attenuators are set to obtain the standard MRT spectrum [typically 50-350 keV with a median energy at 83 keV ( Fig. 1)] . The slits are adjusted to the tumor size, the multislit collimator is inserted into the beam, and the FReLoN camera is removed toward a radiation-protecting lead cabinet. In imaging mode, the slits are fully open to profit from the maximum field of view, typically 50 mm Â 2 mm, the multislit collimator is removed, the FReLoN detector is inserted, the wiggler gap and the attenuators' thicknesses are adjusted using an in-house code that gives the corresponding beam spectra and flux to obtain a quasi-monochromatic -so-called 'pink beam' -X-ray imaging beam. Assuming that the geometric properties of the beam do not change during these transformations, it is then possible to visualize, measure and adjust the path of the irradiation beam within the animal. The contrast agent used in the experiment was iodine, whose K-edge is at 33.17 keV. Therefore, the pink- Spectrum and corresponding attenuation range used for imaging and irradiation. Pink-beam imaging (grey) and microbeam radiation (black) spectra used on ID17 for brain tumors alignment and treatment. beam average energy range should be tuned above 33.17 keV to optimize the contrast between the iodine-loaded tumors and surrounding tissues. The X-ray dose delivered during the imaging procedure was comparable with a standard X-ray CT scanner dose. These two conditions are reached by choosing 1.5 mm of Cu and 1.52 mm of Al as beam filtration and the wiggler gap at 110 mm which gives a spectrum ranging from 22 to 56 keV (centered on the iodine K-edge).
Imaging and alignment method
To achieve tumor conformal irradiation, it was necessary to extend the pink-beam imaging method previously developed (Serduc et al., 2010a) from planar radiographic imaging to three-dimensional CT imaging. The contrast agent was delivered by injecting 2 mL of Iomeron 1 (400 mg of iodine ml À1 ) via the tail vein. Then the animal was placed on a purposebuilt frame in the ID17 hutch, fixed on a three-axis Kappatype goniometer (Huber, Germany; Fig. 2 ). This system allows the rotation of the sample in the beam around a vertical axis up to 180 (theta). An auxiliary motor ky permits the rotation axis to translate laterally for alignment purpose. In addition, the sample can be centered within the rotation plan via two orthogonal axes (sx, sy), and finally the sample can be translated vertically by means of the same motor used to perform the irradiation (gz).
In order to reduce the acquisition time and the data flow, a region of interest (ROI) is defined on the detector to record only the part of the detector containing the 50 mm Â 2 mm beam, i.e. 512 Â 20 pixels. To produce the three-dimensional volume, the tomography data were recorded at each vertical 2 mm gz stage by rotating the sample at a typical theta speed of 6 s
À1
. The data were acquired on the FReLoN in synchronization with the theta position. The sinogram for one stage consists of a 512 pixels Â 1000 angular projections. At each projection, the ROI containing the 20 horizontal slices is recorded. To obtain a suitable vertical range within the animal head (e.g. > 10 mm), the CT rotation was performed at five gz stage positions. Including the time for motors to move and data to be recorded, the total three-dimensional scan lasts around 8 min.
Tomography analysis and irradiation
The sinograms were calibrated with the incident beam previously recorded and the images slices were reconstructed online by dedicated in-house software, called HST (High Speed Tomography) (Mirone et al., 2014) . The $ 100 slices (10 mm, 100 mm step) were then piled up and the resulting volume images sent to the control system. An in-housedeveloped graphical user interface was used to position manually the target volume. Several graphical tools were developed to define the targeted region: as shown in Fig. 3 , it is possible to select the vertical start and stop gz (1) of the irradiation, the angle of incidence theta (2), the centering positions sx, sy (3) and the width of the incident beam (4). After validation, the goniometer motors are moved to the position chosen for the first irradiation port. The whole system is then set in irradiation mode by moving simultaneously all the motors to their respective positions: wiggler gap to 24.8 mm, FReLoN detector out, multislit in, horizontal slits to the irradiation position (first port), gz to the vertical start position. The irradiation is ready to be performed. For each conformal irradiation port, theta, sx, sy, and the horizontal slits are moved to their respective positions as computed within the graphical image display interface. Kappa goniometer. The support at the top is fixed on a two-axis translation system (sx, sy) to position the sample relative to the tomography rotation axis (theta). In addition, the rotation axis can be moved relative to the beam (ky), and finally the sample can be positioned in the vertical with the gz vertical translation. 
Phase extraction of pink-beam CT: towards higher contrast images for better diagnosis of brain tumors
In order to further evaluate the image quality of the pinkbeam tomographic alignment procedure, a post-processing phase-retrieval algorithm was applied (Paganin et al., 2002) on the acquired images. The tomographic set-up configuration mode used in this study is indeed a propagation-based imaging (sometime referred as in-line tomography) (Cloetens et al., 1996) with a sample-to-detector distance of 4.5 m. In this configuration the quasi-coherent radiation illuminates the object producing a spatially variant phase shift of the X-ray beam. As the X-rays are passing through the sample, parts of the wavefront that have been deflected generate characteristic patterns enlightening the contour of the objects. Due to Fresnel diffraction, the phase shifts are transformed into measurable intensity variations, which are recorded by a detector. The algorithm (Paganin et al., 2002 ) is a low-pass filter that takes as information the complex refractive index distribution within the sample. The results of the comparison between the CT reconstructed slices of the signal recorded from the detector (referred to as the raw signal) and phase extracted slices are shown in Fig. 4 . In these images, the bone has been segmented and a soft tissue windowing is applied. It is obvious that the phase-retrieved image is of superior quality and significant differences in signal-to-noise tatio and contrast enhancement were obtained (t-test, p < 0.001). These results are of high interest because the tumors are more visible and phase-retrieval pink-beam tomography will be used on ID17 for image-guided MRT, for both preclinical MRT studies and future phase I clinical trials.
MRT brain tumor conformal irradiations
As stated in the Introduction, this fast new method of contrast-agent-loaded tumor tomography opens new possibilities in tumor treatment by synchrotron X-rays. Indeed, the first aim of this method development was to reduce MRT irradiation volumes in preclinical brain tumor treatments. Previous MRT studies showed that normal tissue surrounding the lesion exposed to crossfired irradiations are damaged by the irradiation (Laissue et al., 1998) . On the reconstructed CT slices obtained in our study, the measured average tumor volume at imaging time was 4.80 AE 4.00 mm 3 (ranging from 0.97 mm 3 to 18.49 mm 3 ). By treating brain tumors using the standard 10 mm Â 10 mm field, a 1000 AE 0 mm 3 irradiation volume would have been generated in crossfired regions but, actually, during one irradiation, the z-motor accidentally stopped at 9.15 mm instead of 10 mm yielding a mean irradiation field of 877 AE 69 mm 3 for this group. The crossfire irradiated fraction (brain region where the beams from different ports intersect) was reduced by a factor of 16-20 when conformal irradiations were used for tumor irradiation. The tumor volume to irradiation volume ratio dropped from 190 to 11.7 and 9.5 when conformal MRT and conformal interspersed MRT were used.
Then, the influence of the field size was evaluated by irradiating tumorbearing rats according to three different irradiation geometries ]. Rat survivals were compared after (i) large-field MRT irradiations mainly used in preclinical studies (8 mm Â 10 mm Â 10 mm), (ii) conformal MRT irradiation where the width and height of the beam were adapted to tumor margins, and (iii) interspersed MRT where irradiation fields were adjusted to tumor size and 50 mm-thick horizontal microbeams were interspersed by 100 mm and 90 . The survival results of the irradiated 9L-bearing rats are shown in Fig. 5(d) . Median survival times were 16.0, 39.0, 88 and 154.0 days after implantation for the control, large-field, conformal and interspersed groups, respectively. The corresponding increases in life span (ILS) were 143%, 450% and 1220% compared with control groups. To our knowledge, these two latter ILSs are the largest ever reported for 9L tumor MRT treatment. MRT has been shown to be more effective on brain tumor than conventional X-rays using no contrast agent (Dilmanian et al., 2002) but its potential has actually been underestimated because of the large irradiation fields used in previous MRT experiments. Indeed, by reducing the irradiation fields to tumor shape and by optimizing irradiation geometries [interlaced (Serduc et al., 2010b) , interspersed (Brä uer-Krisch et al., 2005) etc.], we demonstrate in this study that MRT can be much more efficient in brain tumor palliation than previously suggested. The reduction of the normal tissue crossfired regions [neighboring the tumor and radio-injured (Laissue et al., 1998; Bouchet et al., 2010) ] decreased sub-acute normal tissue toxicity and contributed to the increase in ILS obtained after conformal MRT compared with the large-field MRT. We strongly recommend using this alignment method and conformal irradiation for future MRT experiments, especially when survival curves are published. Human microbeam irradiations performed in the frame of our future MRT phase I clinical trial will obviously require conformal exposures, and a significant contribution of conformal MRT in tumor control can be reasonably expected when delivered as part of a conventional treatment. 
